p12 represents the smallest, so far poorly characterized subunit of the mammalian DNA polymerase d (pold) heterotetramer. Previously, to gain a molecular understanding of endothelial cell activation by fibroblast growth factor-2 (FGF2), we identified an upregulated transcript in FGF2-overexpressing murine aortic endothelial cells (FGF2-T-MAE cells) showing 89% identity with human p12. Here, we cloned the open reading frame of the murine p12 cDNA and confirmed the capacity of overexpressed or exogenously added FGF2 to upregulate p12 mRNA and protein in endothelial and NIH3T3 cells with no effect on the other pold subunits. p12 expression was instead unaffected by serum and different mitogens. Also, antip12 antibodies decorated FGF2-T-MAE cell nuclei and their chromosome outline during metaphase. Small interfering RNA-mediated knockdown of p12 caused a significant decrease in FGF2-driven proliferation rate of FGF2-T-MAE cells, in keeping with a modulatory role of p12 in pold activity. Immunoistochemistry of FGF2-embedded Matrigel plugs and FGF2-overexpressing tumor xenografts demonstrated a nuclear p12 staining of angiogenic CD31 þ endothelium. p12 immunoreactivity was also observed in the CD45 þ /CD11b þ inflammatory infiltrate. Thus, FGF2 upregulates p12 expression in endothelial cells in vitro and in vivo. p12 expression in infiltrating inflammatory cells may suggest additional, cell proliferation-unrelated functions for this pold subunit.
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The mammalian pold is composed of at least four subunits . Two subunits form a tightly associated core heterodimer consisting of the catalytic p125 subunit, which has both 5 0 to 3 0 polymerase and 3 0 to 5 0 exonuclease activities, and the p50 subunit. The enzymatic activity of pold is upregulated when quiescent cells are induced to proliferate (Yang et al., 1992) and p125 protein levels show a 2-3-fold increase at the G1/ S phase of the cell cycle (Zeng et al., 1994) . Also, p125 subunit interacts with and becomes phosphorylated by cyclin D3/Cdk4 and cyclin E/Cdk2 (Wu et al., 1998) , thus suggesting a possible role in S phase checkpoint control. Additionally, p66/68 (Hughes et al., 1999) and p12 were identified as part of the mammalian pold complex. Whereas p66/68 binds PCNA, a specific role for p12 subunit has not been identified, although its addition to an in vitro assay enhances the DNA polymerizing activity of the enzyme (Podust et al., 2002) .
Angiogenesis is characterized by increased microvessel endothelial cell proliferation, production and/or activation of matrix degrading enzymes, migration in the subendothelial matrix, and differentiation into functional new blood capillaries (Carmeliet, 2000) . The local, uncontrolled release of angiogenic growth factors and/or alterations of the production of natural angiogenic inhibitors (Hanahan and Folkman, 1996) are thought to be responsible for the uncontrolled endothelial cell proliferation that takes place during tumor neovascularization and in angioproliferative diseases (Folkman, 1995) . Thus, the identification of selective targets in angiogenic and/or transformed endothelium may have significant implications for the development of antiangiogenic therapies (Liekens et al., 2001) . In this contest, gene expression profiles have been described for endothelial cells activated in vitro (Glienke et al., 2000; Kahn et al., 2000; Roland et al., 2000; Wang et al., 2000) or in vivo during tumor angiogenesis (St Croix et al., 2000) . The results have allowed the identification of several known and unknown gene transcripts upregulated in endothelial cells under these conditions.
Fibroblast growth factor-2 (FGF2) represents a prototypic angiogenic growth factor (Basilico and Moscatelli, 1992) . To gain a molecular understanding of FGF2-triggered endothelial cell activation, we compared the gene expression profiles between tumorigenic FGF2-overexpressing murine aortic endothelial cells (FGF2-T-MAE cells) and parental MAE cells by subtractive suppression hybridization (Dell'Era et al., 2002) . Several genes were differentially expressed in FGF2-activated endothelial cells and, among them, we identified a transcript that showed 89% identity with the human pold p12 subunit (Dell'Era et al., 2002) .
Since the identified putative p12 transcript contained only a small portion of the gene, a cDNA library was constructed from FGF2-T-MAE cells and screened by PCR using 5 0 -ACCAAGAACTTCAGGACAGACAT CA forward and 5 0 -AACACTTGGTACACCTCTA GGGGG reverse primers to clone the full-length transcript. The positive isolated phage carried an 844 bp insert (GeneBank Accession number AF515709) with a translated coding sequence of 107 amino acids (Table 1) . Blasting the sequence to the Ensembl Genome Browser (http://www.ensembl.org) showed that the p12 gene is located on mouse chromosome 19.
Northern blot analysis confirmed the upregulation of p12 transcript in FGF2-overexpressing FGF2-T-MAE cells, pZipFGF2-MAE cells, and retrovirally FGF2-infected MAE cells (Dell'Era et al., 2002 ) when compared to parental MAE cells ( Figure 1a) . Also, increased steady-state levels of p12 mRNA were observed in MAE cells transfected with FGF4 cDNA (pZipFGF4-MAE cells) (Dell'Era et al., 2001) , suggesting that other members of the FGF family can mimic FGF2-mediated p12 upregulation. Also, Northern blotting (Mouse Multiple Tissue Northern Blot, BD-Bioscience) showed that p12 is widely expressed in murine adult tissues, the highest steadystate levels of p12 mRNA being detectable in heart and liver, followed by brain, spleen, and kidney. p12 expression is instead very low in lung and testis and below the limits of detection in skeletal muscle (data not shown).
To assess whether FGF2 is able to upregulate p12 expression in endothelial cells also when administered exogenously as a recombinant protein, MAE cells, microvascular murine brain endothelial (MBE) cells , and NIH3T3 cells were serumstarved for 48 h and stimulated with either recombinant FGF2 or 10% fetal calf serum. Then, steady-state p12 mRNA levels were evaluated by semiquantitative RT-PCR analysis. As illustrated in Figure 1b , FGF2 causes a significant upregulation of p12 expression in both endothelial cell types and in NIH3T3 cells. In contrast, serum exerted a very limited effect, if any, on p12 expression in all the cell lines tested. The capacity of FGF2 to cause p12 upregulation is specific since the growth factor does not affect the expression of the other pold subunits p125, p50, and p66/68 (not shown). Also, other mitogenic stimuli (like vascular endothelial growth factor in MBE cells, epidermal growth factor in NIH3T3 cells, or phorbol-12-myristate-13-acetate in all the cell lines) were unable to affect p12 mRNA levels (data not shown). Murine p12 (GenBank AF515709) was aligned with rat EST (CA338785), bovine EST (BE666398), and human (AF179890) sequences. The putative nuclear translocation sequence is underlined FGF2 and p12 expression in endothelium P Dell'Era et al
To obtain a specific anti-p12 antiserum, we produced a recombinant glutathione-S-transferase (GST)-p12 chimeric protein using the GATEWAYt cloning technology (Invitrogen). GST-p12 was purified from salt-induced BL21-SIt competent cell (Invitrogen) extract by glutathione-affinity chromatography and injected in rabbits. Total IgG fraction was purified from the serum of immunized animals and used in a Western blot. As shown in Figure 1c , the anti-p12 antibody recognized a recombinant 6xHis-p12 chimera and an immunoreactive p12 protein of M r 12 000 in the extract of control MAE cells, FGF2-T-MAE cells, control MBE cells, and FGF2-treated MBE cells. In agreement with transcript analysis, the levels of p12 protein were increased in FGF2-overexpressing and FGF2-treated cells when compared to control cells. Immunolocalization experiments demonstrate that p12 protein is localized in the nucleus of FGF2-T-MAE cells (Figure 3a) as well as of parental MAE cells (not shown). This is in keeping with the presence of a putative nuclear localization signal at amino-acid residues 3-19 in the p12 sequence (Table 1) . Also, immunoreactive p12 protein coprecipitates with pold p125 subunit when a cell extract was incubated with a specific anti-p125 antiserum (Figure 1d ), confirming the in vivo association between the two proteins . Furthermore, p12 immunoreactivity decorates the chromosome outline during mitosis, underlying the role of p12 in nuclear DNA-linked processes (Figure 3b) . Costaining of FGF2-T-MAE cells with antibodies against various cyclins (D1, E, B1) revealed that the levels p12 protein, at variance with p125 subunit (Zeng et al., 1994) , are not modulated during the cell cycle (data not shown), in keeping with DNA microarray analysis of cycling HeLa cells (http://genome-www.stanford.edu/Human-CellCycle/Hela/index.shtml).
p12 subunit is not essential for DNA replication in yeast (Hubscher et al., 2000) . On the other hand, p12 protein increases the DNA polymerizing activity of pold in a cell-free assay (Podust et al., 2002) , even though no data are currently available on the role of p12 in an in vivo mammalian system. On this basis, interference RNA was used to assess the impact of p12 subunit expression in FGF2-driven endothelial cell proliferation. As shown in Figure 2 , transient transfection with diced p12 small interfering RNA (siRNA) effectively downregulated p12 protein levels and caused a significant decrease in the proliferation rate of FGF2-T-MAE cells whose proliferation is largely dependent upon the autocrine stimulation exerted by the overexpressed growth factor (Sola et al., 1997) . In contrast, although pold is required for telomerase-mediated telomere addition in vivo (Diede and Gottschling, 1999), the p12 silenced population did not show any reduction in telomerase activity (Figure 2c) .
Given a possible role of p12 in FGF2-activated endothelial cells in vitro, we evaluated the capacity of FGF2 to cause p12 upregulation in an in vivo angiogenesis model. To this purpose, recombinant FGF2 was administered s.c. in C57BL/6 mice via a Matrigel plug (Passaniti et al., 1992) . After 7 days, immunohistochemical analysis demonstrated a strong p12 immunoreactivity in the nucleus of FGF2-activated CD31 þ endothelial cells infiltrating the plug (Figure 3c ). No p12 immunoreactivity was observed in control plugs devoid of the growth factor nor in the resting endothelium of several adult murine organs, including heart, liver, kidney, and lung capillaries (data not shown).
To confirm the ability of FGF2 to upregulate p12 expression in endothelial cells in vivo, we performed 0 -GGAACATAGCCGTAAACTGC reverse oligonucleotides for tubulin and 5 0 -ACCAAGAACTTCAGGACA GACATA forward and 5 0 -GGTTATCTGCCGACATCTGGTTT reverse oligonucleotides for p12. Amplified products were quantified by image analysis using MCID software (Imaging Research), p12 expression was normalized for tubulin expression and compared to basal expression levels. (c) Western blot analysis of the extracts (50 mg/lane) of parental MAE and FGF2-T-MAE cells and of control and FGF2-treated (50 ng/ml) MBE cells. A recombinant 6xHis-p12 chimera was used as a positive control. Proteins were analysed by 15% SDS-PAGE under reducing conditions, electrophoretically transferred to an Immobilon-P (Millipore) membrane, and probed with anti-p12 antibodies. (d) Tet-FGF2 total protein lysate (500 mg) was immunoprecipitated (IPPT) with anti-human p125 antiserum (Santa Cruz) or nonimmune IgG using protein A-Sepharose s beads (Amersham Biosciences). Immunocomplexes were subjected to Western blot (WB) analysis with either anti-p125 or anti-p12 antibodies FGF2 and p12 expression in endothelium P Dell'Era et al immunohistochemical analysis of FGF2-overexpressing xenografts originated by the s.c. injection in nude mice of the human endometrial adenocarcinoma Tet-FGF2 cell line (Giavazzi et al., 2001) . These cells originate tumor lesions whose growth and vascularization is driven by the transduced growth factor (Giavazzi et al., 2001) . Again, nuclear p12 immunoreactivity was detectable in tumor endothelium (Figure 3d, inset) . Interestingly, we also observed numerous p12 þ cells surrounding the tumor blood vessels. Double immunostaining showed that these cells were positive for the pan-leukocyte marker CD45 (Figure 3e, inset) , whereas a-smooth muscle actin þ mural cells did not show any p12 immunoractivity (Figure 3f) . A similar nuclear p12 immunostaining was also seen in CD11b þ cells infiltrating the FGF2-treated Matrigel plugs (data not shown). CD11b antigen is expressed mainly on inflammatory cells (Larson and Springer, 1990) costaining of FGF2-induced newly formed blood vessels in Matrigel plugs. FGF2 (1.0 mg/ml) and heparin (100 mg/ml) were mixed with 400 ml of Matrigel at 41C and injected s.c. into the flank of female C57BL/6 mice. After 7 days, frozen sections were processed for immunostaining. (d-g) Nude mice were transplanted s.c. with 1 Â 10 6 Tet-FGF2 cells. After 6 weeks, frozen sections of tumor xenografts were stained with anti-p12 antibodies (red) and counterstained with anti-CD31 antibodies to highlight small (d) and large (e) tumor vessels, or with anti-a-smooth muscle actin (f) antibodies (green). White arrows point to endothelial p12 þ endothelial cells showed at higher magnification in the corresponding inset. Note the lack of p12 immunoreactivity in a-smooth muscle actin þ mural cells that line the p12 þ endothelium (f, inset). Light blue arrows point to p12
þ endothelial cell nuclei. (g) Nuclear p12 immunoreactivity (red) of CD45 þ leukocytes (green) infiltrating Tet-FGF2 tumors 2001). Taking together our data indicate that FGF2-activated endothelium as well as infiltrating inflammatory cells express p12 in vivo. Further experiments will be required to characterize unambiguously the p12 þ leukocyte subpopulation(s).
In conclusion, in the present work, we demonstrate the capacity of FGF2 to upregulate pold p12 subunit expression in endothelial cells in vitro and in vivo. To our knowledge, this represents the first experimental evidence for a modulation of p12 expression in mammalian cells. Also, p12 silencing causes a significant decrease in the proliferation rate of FGF2-activated endothelial cells, in keeping with the ability of p12 protein to increase the activity of the pold enzyme in vitro (Podust et al., 2002) . The capacity to increase p12 expression in endothelial cells appears to be restricted to FGF family members since other mitogenic stimuli, including vascular endothelial growth factor, epidermal growth factor, phorbol ester, and serum, are ineffective. Thus, p12 upregulation is not the mere consequence of an increase in the proliferation rate of endothelial cells but represents a more specific response to FGFmediated activation of the endothelium. Finally, p12 expression in infiltrating inflammatory cells may suggest additional, cell proliferation-unrelated functions for this pold subunit. In keeping with this hypothesis, preliminary observations indicate that p12 upregulation occurs also in pheochromocytoma PC12 cells during neuronal differentiation triggered by FGF2 or nerve growth factor, raising the possibility that the FRS2 signaling pathway shared by these growth factors is involved in the response (P Dell'Era, unpublished observations).
